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CROSS REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims priority to U.S. Provisional Patent Application Serial 
No. 60/422,715, filed October 30, 2002 and entitled "RETURN PATH 
TRANSMITTER WITH EXTENDED DIGITAL PROCESSING CIRCUITRY," which 
application is incorporated herein by reference in its entirety. This application is also 
related to, and incorporates herein by reference, a United States Non-Provisional Patent 
Application entitled "CABLE TELEVISION RETURN LINK SYSTEM WITH HIGH 
DATA-RATE SIDE-BAND COMMUNICATION CHANNELS," Serial No. 
10/285,205 filed October 30, 2002. 

BACKGROUND OF THE INVENTION 
The Field of the Invention 
[0002] The present invention relates generally to upstream data communications over 
networks primarily designed for downstream transmission of television and data 
signals, and particularly to a system and method for converting one or more analog 
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O | * w = signals into digital signals, transmitting them over optical media, and then accurately 
6 | h u S regenerating the one or more analog signals. Also, the present invention relates to 
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The Relevant Technology 
[0003] Basic CATV System Architecture. Cable television systems (CATV) were 
initially deployed so that remotely located communities were allowed to place a 
receiver on a hilltop and then use coaxial cable and amplifiers to distribute received 
signals down to the town which otherwise had poor signal reception. These early 
systems brought the signal down from the antennas to a "head end" and then distributed 
the signals out from this point. Since the purpose was to distribute television channels 
throughout a community, the systems were designed to be one-way and did not have the 
capability to take information back from subscribers to the head end. 
[0004] Over time, it was realized that the basic system infrastructure could be made to 
operate two-way with the addition of some new components. Two-way CATV was 
used for many years to carry back some locally generated video programming to the 
head end where it could be up-converted to a carrier frequency compatible with the 
normal television channels. 

[0005] Definitions for CATV systems today call the normal broadcast direction from 
the head end to the subscribers the "forward path" and the direction from the subscribers 
back to the head end the "return path". A good review of much of today f s existing 
return path technology is contained in the book entitled Return Systems for Hybrid 
Fiber/Coax Cable TV Networks by Donald Raskin and Dean Stoneback, hereby 
incorporated by reference as background information. 

[0006] One additional innovation has become pervasive throughout the CATV industry 
over the past 10 years. That is the introduction of analog optical fiber transmitters and 
receivers operating over single mode optical fiber. These optical links have been used 
to break up the original tree and branch architecture of most CATV systems and to 
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replace that with an architecture labeled Hybrid Fiber/Coax (HFC). In this approach, 
optical fibers connect the head end of the system to neighborhood nodes, and then 
coaxial cable is used to distribute signals from the neighborhood nodes to homes, 
businesses and the like in a small geographical area. Return path optical fibers are 
typically located in the same cable as the forward path optical fibers so that return 
signals can have the same advantages as the forward path. 

[0007] HFC provides several benefits. Using fiber for at least part of the signal 
transmission path makes the resulting system both more reliable and improves signal 
quality. Failures in the hybrid systems are often less catastrophic than in traditional tree 
and branch coaxial systems because most failures affect only a single sub-tree or 
neighborhood. 

[0008] CATV return paths have become much more important over the past few years 
because of their ability to carry data signals from homes, businesses and other user 
locations back to the head end and thereby enable Internet traffic to flow in and out of 
the home at data rates much higher than is possible with normal telephone modems. 
Speeds for these so-called cable modem based systems are typically around 1 Mb/s or 
greater as opposed to the 28.8 Kb/s to 56 Kb/s rates associated with telephone based 
data transmission. CATV based Internet access is typically sold on a monthly basis 
without time based usage charges, thus enabling people to be connected to the Internet 
24 hours per day, 7 days a week. 

[0009] With the advent of these advanced services, there also arose numerous problems 
with using a physical CATV plant designed to transmit video signals from town council 
meetings (using the forward path) to provide high-speed Internet access for hundreds, if 
not thousands, of users simultaneously (using both the forward and return path). These 
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problems are generally related to the return path link, which are described in detail 
below. 

[0010] The Aggregation Problem. Economically, the main problem that exists for 
CATV return path technology is that the return path signals need to be aggregated, 
which means the signals from many users are summed into a combined signal. The 
combined signal is then processed by equipment at the head end. Return signals are 
summed because processing the return path signals from their multi-frequency radio 
frequency (RF) format to digital packets ready for the Internet requires the use of an 
expensive device called a CMTS (cable modem termination system). This equipment is 
so expensive that it cannot be cost justified today on the basis of processing only one or 
even a couple of return signals. By aggregating the return signals of many users, the 
high cost of CMTS f s is spread over enough users to make their use economically 
feasible. 

[0011] Aggregation is also important because it allows for efficient use of optical 
fibers. Most HFC systems provide only a small number of optical fibers for each 
neighborhood, and thus these systems do not have enough optical fibers to provide a 
separate optical fiber for each return signal. Aggregation allows numerous return 

O I * § signals to be placed onto and transmitted by a single optical fiber, making efficient use 
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(SNR) for the system. SNR must be kept above a certain level in order for the RF 
signals received at the head end to be reliably processed into digital data that is error 
free. 
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[0013] The Ingress Problem, A problem known as "ingress" is often made much 
worse by the aggregation of many RF signals. The term "ingress" refers to the injection 
of noise into the return path signals. The noise signals typically injected into the return 
paths of CATV systems are of unpredictable frequency and strength. In the forward 
path, all signals originate at the head end and this single location is controlled and 
therefore is able to be well managed so as to minimize the injection of noise. On the 
other hand, the return path has many points of input (typically one or more per home or 
business) and the return path operates by aggregating all of the inputs from a 
geographical area onto a single coaxial cable. For example, consider a system in which 
there are a hundred users coupled to a single coaxial cable. Ninety-nine of the users 
may be submitting valid Internet traffic {i.e., return path signals) through their cable 
modems, with low levels of associated noise, while one user may have faulty wiring 
that causes the noise associated with an amateur radio transmitter or television or 
personal computer to be coupled into the return path. This is ingress and it can result in 
the loss of data for the other ninety-nine users. 

[0014] The summing or aggregation process applies to ingress as well. So it is not 
necessary that any single point of ingress be the one causing system failure, but rather it 

0§ tt(w = is possible that several different subscribers may be sources of some portion of the noise 
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is due, for example, to reflections from imperfections at connector and splice interfaces 
and back scattering in the optical fiber over distance. Connector and splice problems 
can cause a degradation in the laser relative intensity noise (RIN), and all of these 
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phenomena, including back scattering, cause light arriving at the receiver to have 
traveled different distances down the fiber and hence some of the arriving light can be 
out of phase with the transmitted RF signal. In all cases, the SNR of the link degrades 
with distance, as noted in Return Systems for Hybrid Fiber/Coax Cable TV Networks, 
Link degradation also can occur from the substantial temperature swings associated 
with the outdoor environment through which return path links travel, as well as rough 
handling of the return path link equipment by installers, for example during the 
installation of equipment at the top of poles. 

[0016] Figure 1 is a block diagram of a prior art cable television system 100 that uses 
conventional analog return path optical fiber links. The system in Figure 1 conforms 
generally to 1999 industry standards, and is susceptible to the ingress and link 
degradation problems described above. Each subtree 102 of the system consists of a 
coaxial cable 106 that is coupled to cable modems 108 used by subscribers for Internet 
access. The coaxial cable 106 is also coupled to set top boxes and other equipment. 
The coaxial cable 106 of each subtree 102 is coupled to at least one forward path optical 
fiber 110 and at least one return path optical fiber 112. Additional optical fibers (not 
shown) may be used for the forward path transmission of television programming. An 
optoelectronic transceiver 114 provides the data path coupling the coaxial cable 106 to 
the optical fibers 110, 112. 

[0017] An RF input signal, having an associated signal level, is submitted to a 
transmitter portion of the optoelectronic transceiver 114, which in turn gains or 
attenuates the signal level depending on how it is set up. Then, the input signal is 
amplitude modulated and converted into an amplitude modulated optical signal by a 
laser diode 122. Both fabre-perot (FP) and distributed feedback (DFB) lasers can be 
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used for this application. DFB lasers are used in conjunction with an optical isolator 
and have improved signal to noise over FP lasers, but at a sacrifice of substantial cost. 
DFB lasers are preferred, as the improved SNR allows for better system performance 
when aggregating multiple returns. 

[0018] The laser output light from the laser diode 122 is coupled to a single mode 
optical fiber (i.e., the return path optical fiber 112) that carries the signal to an optical 
receiver 130, typically located at the head end system 132. The optical receiver 130 
converts the amplitude modulated light signal back to an RF signal. Sometimes a 
manual output amplitude adjustment mechanism is provided to adjust the signal level of 
the output produced by the optical receiver. A cable modem termination system 
(CMTS) 134 at the head end 132 receives and demodulates the recovered RF signals so 
as to recover the return path data signals sent by the subscribers. 

[0019] Figures 2 and 3 depict the transmitter 150 and receiver 170 of a prior art return 
path link. The transmitter 150 digitizes the RF signal received from the coaxial cable 
106, using an analog to digital converter (ADC) 152. The ADC 152 generates a ten-bit 
sample value for each cycle of the receiver's sample clock 153, which is generated by a 
local, low noise clock generator 156. The output from the ADC 152 is converted by a 
serializer 154 into a serial data stream. The serializer 154 encodes the data using a 
standard 8B/10B mapping (i.e., a bit value balancing mapping), which increases the 
amount of data to be transmitted by twenty-five percent. This encoding is not tied to 
the 10-bit boundaries of the sample values, but rather is tied to the boundary of each set 
of eight samples (80 bits), which are encoded using 100 bits. 

[0020] When the sample clock operates at a rate of 100 MHz, the output section of the 
serializer 154 is driven by a 125 MHz symbol clock, and outputs data bits to a fiber 
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optic transmitter 158, 159 at a rate of 1.25 Gb/s. The fiber optic transmitter 158, 159 
converts electrical 1 and 0 bits into optical 1 and 0 bits, which are then transmitted over 
an optical fiber 160. The fiber optic transmitter includes a laser diode driver 158 and a 
laser diode 159. 

[0021] The receiver 170 at the receive end of the optical fiber 160 includes a fiber 
receiver 172, 174 that receives the optical 1 and 0 bits transmitted over the optical fiber 
160 and converts them back into the corresponding electrical 1 and 0 bits. This serial 
bit stream is conveyed to a deserializer circuit 178. A clock recovery circuit 176 
recovers a 1.25 GHz bit clock from the incoming data and also generates a 100 MHz 
clock that is synchronized with the recovered 1 .25 GHz bit clock. 
[0022] The recovered 1.25 GHz bit clock is used by the deserializer 178 to clock in the 
received data, and the 100 MHz clock is used to drive a digital to analog converter 180, 
which converts ten-bit data values into analog voltage signals on node 182 of the head 
end system. In this way, the RF signal from the coaxial cable 106 is regenerated on 
node 182 of the head end system. 
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SUMMARY OF THE INVENTION 
[0023] An embodiment of the present invention is a return path transmitter that forms 
part of a Cable Television (CATV) digital return link system, which provides dedicated, 
high-speed, full-duplex and point-to-point connections between users and the head end 
system. In one particular embodiment, the return path transmitter includes circuitry for 
digitally processing RF data received from users of the Cable Television (CATV) 
digital return link system prior to transmitting the RF data to the head end. 
(0024] These and other advantages and features of the present invention will become 
more fully apparent from the following description and appended claims, or may be 
learned by the practice of the invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0025] To further clarify the above and other advantages and features of the present 
invention, a more particular description of the invention will be rendered by reference to 
specific embodiments thereof which are illustrated in the appended drawings. It is 
appreciated that these drawings depict only typical embodiments of the invention and 
are therefore not to be considered limiting of its scope. The invention will be described 
and explained with additional specificity and detail through the use of the 
accompanying drawings, in which: 

[0026] Figure 1 is a block diagram of a prior art analog return path link system; 

[0027] Figures 2 and 3 are block diagrams of the transmitter and receiver, respectively, 

of a prior art digital return path link system; 

[0028] Figure 4A is a block diagram of a dual RF channel transmitter of a digital return 

path link system in accordance with one embodiment of the present invention; 

[0029] Figure 4B shows a portion of the dual RF channel transmitter that incorporates 

noise dithering to decrease spurious harmonics in the transmitted signal; 

[0030] Figure 5 is a block diagram of transmitter signal processing logic in the dual RF 

channel transmitter of a digital return path link system in accordance with one 

embodiment of the present invention; 

[0031] Figures 6 A, 6B and 6C are illustrations depicting three modes of inserting 
ancillary data between data frames; 

[0032] Figure 7 is a block diagram of a single RF channel transmitter of a digital return 
path link system in accordance with one embodiment of the present invention; 
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[0033] Figure 8 is a block diagram of transmitter signal processing logic in the single 
RF channel transmitter of a digital return path link system in accordance with one 
embodiment of the present invention; 

[0034] Figure 9A is a block diagram of a receiver of a digital return path link system in 
accordance with one embodiment of the invention; 

[0035] Figure 9B is a block diagram of another embodiment of a portion of the receiver 
shown in Figure 9A; 

[0036] Figure 10 is a block diagram of receiver signal processing logic in the receiver 
of a digital return path link system in accordance with one embodiment of the present 
invention; 

[0037] Figure 1 1 is a state diagram for a demultiplexer in the receiver of Figures 9 and 
10; 

[0038] Figure 12 is a block diagram of a system for synchronizing the return path 
transmitter sample clocks of multiple subtrees of a cable television network; 
[0039] Figure 13 is a block diagram of a return path hub; 

[0040] Figure 14 a block diagram of CATV digital return path link system in which a 

plurality of the subtree return link transmitters are connected in a daisy chain; 

[0041] Figure 15 depicts an example of the data structure of the data transmitted over 

the return link optical fiber by each of the subtree return link transmitters; 

[0042] Figure 16 is a block diagram of one of the subtree return link transmitters of the 

system shown in Figure 14; 

[0043] Figure 17 is a block diagram of the receiver and demultiplexer of the subtree 
return link transmitter of Figure 16; 
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[0044] Figure 18 is a block diagram of a portion of an embodiment of a daisy chain 
receiver demultiplexor used in the demultiplexer of Figure 17; 

[0045] Figure 19 is a state diagram for a digital data (Ethernet) ID state machine in the 
demultiplexor of Figure 18; 

[0046] Figure 20 is a block diagram of an embodiment of the drop/add circuit, 
multiplexer and transmitter of the subtree return link transmitter shown in Figure 16; 
[0047] Figure 21 is a block diagram of a hub for separating an RF data stream from a 
set of non-RF data streams at a CATV head end system; 

[0048] Figure 22 is a block diagram of a system for sending commands to the return 
path transmitters of multiple subtrees of a cable television network; 
[0049] Figure 23 is a block diagram of another embodiment of the demultiplexor of 
Figure 17 having additional circuitry for receiving commands, such as commands sent 
by a head end processor, embedded in a data stream received from the head end of a 
CATV system; 

[0050] Figure 24 is a block diagram of another subtree return link transmitter of the 
system shown in Figure 14; 

[0051] Figure 24A is a block diagram of a digital processing circuit with digital 
filtering 

capabilities - in accordance with an embodiment of the invention - included in the 
subtree return link transmitter shown in Figure 24; 

[0052] Figure 24B is a block diagram of a digital processing circuit with signal strength 
detection capabilities - in accordance with another embodiment of the invention - 
included in the subtree return link transmitter shown in Figure 24; and 
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[0053] Figure 24C is a block diagram of a digital processing circuit with ingress 
detection capabilities - in accordance with still another embodiment of the invention - 
included in the subtree return link transmitter shown in Figure 24. 




-Page 14- 



DocketNo. 15436.253.78.1 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

A. Return Path Dual RF Signal Transmitter 
[0054] Referring to Figure 4A, there is shown a dual RF channel transmitter 200 of a 
digital return path link in accordance with an embodiment of the present invention. In 
particular, the transmitter 200 is preferably configured to receive two radio frequency 
(RF) signals from two separate coaxial cables 106-1, 106-2. Each RF signal is 
processed by a variable gain amplifier 203-1, 203-2 and digitized by a pair of analog to 
digital converters (ADC) 202-1, 202-2. As will be discussed in more detail below, in 
some embodiments of the present invention the gain of each variable gain amplifier 203 
is controlled via commands received from the head end of the system. These 
commands are received by a control logic circuit 227 (shown in Figure 5) which uses 
the commands to set the gain of the amplifiers 203, as well as to set the mode of other 
components of the transmitter 200. 

[0055] It should be understood by the reader that all clock rates, data structures and the 
like presented in this document are the values used in certain particular embodiments of 
the invention. Clock rates, data structures and the like may vary widely from one 
embodiment of the present invention to another, depending on the performance 
requirements of the embodiment as well as other factors. 

[0056] Additionally, embodiments disclosed herein having optoelectronic transmitters 
but not receivers may be implemented using a transceiver such as a GBIC, SFF, WDM, 
DWDM, SFP, or other suitable optoelectronic transceiver, with only the transmitter 
portion of the transceiver being utilized. Similarly, embodiments having optoelectronic 
receivers but not transmitters may be implemented using the receiver portion of a 
GBIC, SFF, WDM, DWDM, SFP, or other suitable optoelectronic transceiver. 
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[0057] With reference again to Figure 4A, the return path transmitter 200 further 
includes a sample clock oscillator 212 generating a 100 MHz sample clock signal 213. 
The oscillator 212 is preferably located directly next to one or both of the ADCs 202-1, 
202-2. The sample clock oscillator 212 is used to digitize the incoming RF signals with 
very low jitter. Preferably, care is taken to ensure that the sample clock signal is not 
manipulated by any additional logic, because any such logic may increase jitter in the 
sample clock signal 213. 

[0058] In the embodiment illustrated in Figure 4 A, each ADC 202-1, 202-2 is a twelve- 
bit A/D converter from Analog Devices, Inc. with a one volt differential input range, 
clocked by the 100 MHz sample clock. Preferably, only ten bits of the twelve-bit 
output from the ADCs 202-1, 202-2 are used. Of course the particular ADC used and 
the number of data bits used may vary from one implementation of the invention to the 
next. 

[0059] With reference still to Figure 4A, the outputs from ADCs 202-1, 202-2 are then 
passed to a signal-processing logic circuit 204, which processes the received RF signals 
and outputs a sequence of data frames. In one embodiment, each data frame contains 
80 bits of RF data. However, the number of data bits per frame is a matter of design 
choice and thus may be different in other embodiments. The signal-processing logic 
circuit 204 also generates ancillary data words to be inserted between data frames and 
generates a frame control signal to indicate whether the output it is currently generating 
is part of a data frame or a part of the ancillary data stream. The output of the signal- 
processing logic circuit 204 is serialized by a serializer-deserializer (SERDES) 206 
(e.g., TLK-2500 or TLK-2501 from Texas Instruments, Inc.), which also performs an 
8b/10b data conversion so as to produce a bit balanced data stream. The output of the 
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SERDES 206 is then transmitted by a digital transmitter 208, 209 down an optical fiber 
210 as a digitally modulated optical signal. 

[0060] Note that, in the embodiment illustrated in Figure 4 A, a 128 MHz symbol clock 
signal, generated by a symbol clock 214, is multiplied by the SERDES circuit 206 to 
produce a 2.56 Gb/s clock signal that is used to serially clock the bits from the SERDES 
circuit 206 to a laser diode driver 208. 

[0061] Figure 4B shows a block diagram of pseudorandom noise dithering logic 980, 
for use with, e.g., the 2x transmitter for return link 200 shown in Figure 4A. The 
purpose of the noise dithering logic is to reduce spurious harmonics (i.e., errors) that are 
the products of the analog-to-digital conversion, due to noisy transitions of the signal. 
In this embodiment, as part of the signal processing of the RF signals, two 
pseudorandom number ("PRN") sequences are generated by PRN sequence #1 
generator 984-1 and PRN sequence #2 generator 984-2. In one embodiment, the PRN 
sequence generators are part of the same FPGA (field programmable gate array) as the 
signal processing logic 204 (such as a suitable FPGA from Altera®), although in other 
embodiments they may be contained on a separate FPGA or in one or two special- 
purpose integrated circuits. Also, in the example shown, the PRN sequence generators 
are implemented as digital PRN sequence generators. Each digitally-generated PRN 
sequence 988-1 and 988-2 is effectively converted to analog "noise" by analog low-pass 
filter 986 (shown as part of the same FPGA in Figure 4B). In other embodiments, the 
PRN sequence generators may directly generate analog PRN sequences, which are then 
low-pass filtered. The low-pass filter 986 cuts off, for example, all frequencies higher 
than approximately 1/10 the lowest frequency of interest. 
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[0062] Each generated PRN sequence 988-1, 988-2 is added to a corresponding RF 
signal by a summer 982-1,982-2, after the signal has been amplified by a variable gain 
amplifier. Then, each combined analog RF and PRN noise signal is digitally sampled 
by an A/D converter 202-1, 202-2. By adding the analog PRN sequences to the RF 
signal, the dynamic range of the RF signal is increased. By increasing the dynamic 
range of the RF signal, the number of undesirable transitions from signals at or near the 
threshold level can be decreased, thereby decreasing the amplitude of spurious 
harmonics. In other words, increasing the amplitude of the PRN sequence noise 
decreases the amplitude of the spurious harmonics. 

[0063] The noise dithering technique does not require that the injected noise be filtered 
out after the A/D conversion, because the highest frequency of the injected noise is 
typically no more than 1/10 of any frequency of interest, and because the injected noise 
is random and provides energy at multiple frequencies, generally evenly distributed 
over time. For these reasons, discrete spurious products of the dithering process itself 
are not visible to the CTMS 134 of the head end system (Figure 9B). 
[0064] For the dual-channel RF receiver shown in Figure 4B, multiple channels are 
processed and multiplexed. Utilizing independent PRN sequence generators 984-1, 
984-2 for the two channels helps ensure that cross talk between the channels is 
minimized. In one embodiment, the cross talk must be 60 dB or more below the desired 
signal. If the same PRN sequence were used for both channels, an additional path for 
cross talk would be present at the input of the independent A/D converters, making it 
more difficult to achieve the desired maximum level of cross talk. 
[0065] Figure 5 is a block diagram of a signal processing logic circuit 204 of the 
transmitter 200 according to one embodiment of the present invention. A pair of latches 
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220-1, 220-2 is provided to receive two digitized radio frequency (RF) analog signals 
from the ADCs 202-1, 202-2 (shown in Figure 4 A). These two data signals are 
hereinafter referred to as the first and second data streams. The first data stream from 
ADC 202-1 is received by a first latch 220-1, and the second data stream from ADC 
202-2 is received by a second latch 220-2. The first data stream, after it has been 
buffered and converted into frames of a predetermined size (e.g., 80 bits) is called the 
Frame A data, and the second data stream, after buffering and framing is called the 
Frame B data. 

[0066] In one embodiment of the present invention, the digitized data streams flowing 
through the latches is dithered by adding on top of the data streams a set of "tone 
signals" using a tone generator and adder circuit 225-1, 225-2. In this embodiment, the 
tone generator and adder circuit 225 generates five tone signals, at frequencies of 
lOOKHz, 200KHz, 300KHz, 400KHz and 500KHz and adds low amplitude versions of 
these tone signals to the RF data streams. The reason for adding the tone signals to the 
RF data streams is to prevent the digital-to-analog converter in the receiver from 
creating spurious noise in response to RF data streams that contain no data or almost no 
data. By adding the tone signals to the RF data, where the tone signals are at 
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2 1 < 8 8 s [0067] A pair of data-in multiplexors 221-1, 221-2 are provided to further process the 
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latched data. Each of the data-in multiplexors 221-1, 221-2 is configured to convert the 
10-bit data streams from the ADCs into 16-bit data streams. Preferably, each 
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multiplexor 221 converts eight of the 10-bit input data words into five 16-bit output data 
words that together form a data frame. 

[0068] Each of the data-in multiplexors 221-1, 221-2 also receives a set of test data 
(preferably a digitized sinusoidal signal) generated by a test signal generator 224. The 
test data is used in testing the transmitter. The data-in multiplexors 221-1, 221-2 
selectively output either the digitized RF data streams or the test data in accordance 
with a selection (mode) signal generated by the control logic circuit 227. The data-in 
multiplexors 221-1, 221-2 are also configured to generate an end of frame (EOF) flag 
signal to indicate end of each 80-bit data frame. More specifically, the data-in 
multiplexors 221-1, 221-2 output a 1-bit EOF flag for every 16-bit word output by the 
data-in multiplexors 221-1, 221-2. The EOF flag is equal to a first value, such as 0, for 
all the 16-bit words of each data frame except the last, and for that last 16-bit word the 
EOF flag is equal to a second value, such as 1. 

[0069] The 16-bit data words from the data-in multiplexors 221-1, 221-2 are then 
forwarded to a pair of data memory devices 223-1, 223-2. In particular, the data words 
generated from the first data stream are forwarded to a first data memory device 223-1 
from the first data-in multiplexor 221-1, and the data words generated from the second 
data stream are forwarded to a second data memory device 223-2 from the second data- 
in multiplexor 221-2. In addition to the 16-bit data words, the first memory device 223- 
1 also stores the EOF flag for each word. In some embodiments, the EOF flags for the 
data words of the first data stream can be stored in a separate FIFO memory device. 
[0070] With reference still to Figure 5, both memory devices 223-1, 223-2 store the 
received data words using the 100 MHz sample clock. However, data is written into the 
memory devices 223 on only five of every eight clock cycles of the 100 MHz sample 
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clock because the data has been reformatted by the data-in multiplexors 221 from 10-bit 
words into 16-bit words. Reads from the memory devices 223 are performed using the 
128 MHz symbol clock. The data memory devices 223-1, 223-2 are first-in-first-out 
(FIFO) memory devices, preferably implemented using one or more dual ported RAM's. 
The writing and reading of data from the memory devices 223 is controlled by a control 
logic circuit 227, which is implemented using state machine logic. 
[0071] It is noted that reading out 16-bit words from the memory devices 223 and 229 
to be sent to the SERDES 206 occurs at a rate of 2.0 Gb/s. After the SERDES converts 
each 16-bit word into a 20-bit word, the resulting data rate is 2.50 Gb/s. As will be 
explained below, the signal is then transmitted at 2.56 Gb/s, which includes 60 Mb/s of 
ancillary data. 

[0072] The signal-processing logic 204 further includes a set of sensors 226 for 
monitoring temperature, supply voltage or other voltages, and other parameters of the 
transmitter 200. The sensor generated values are read by a processor 228, which also 
includes an internal memory device 230 for storing transmitter identifying information 
such as serial numbers, model numbers, software and hardware revisions, date of 
manufacture and the like of the transmitter 200. The processor periodically forwards 
the sensor generated values and the transmitter identifying information, herein 
collectively called maintenance data, to a FIFO memory device 229. In one 
embodiment the maintenance data is forwarded to the memory device 229 once every 
40 ms. 

[0073] The control logic circuit 227 of the signal processing logic 204 is configured to 
generate read and write addresses for the various memory devices. With respect to the 
data memory devices 223-1, 223-2, the control logic circuit generates write address 
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during five of every eight cycles of the 100 MHz sample clock and generates read 
addresses at 128 MHz. The control logic circuit 227 alternates between reading data 
from first and second memory devices 223 , alternating between reading one data frame 
(i.e., five 16-bit words) from one and one data frame from the other. In addition, when 
certain criteria are met, the control logic circuit 227 reads maintenance data from the 
third memory device 229 (i.e., sends the maintenance data to multiplexor 231), as will 
be explained in further detail below. 

[0074] Note that data is read from the memory devices 223 at a rate that is faster than 
the combined rate at which data is stored in the two memory devices 223. Because data 
is read from the memory devices 223 at a rate that is faster than the rate at which data is 
stored, ancillary data from the third memory device 229 can be inserted between data 
frames without "falling behind" the first and second data streams that are being stored in 
the two memory devices 223. When there is no maintenance data in memory device 
229, or more particularly when there is not yet a complete set of maintenance data ready 
for transmission, padding words (preferably idles) are inserted between frames at 
certain times. 

[0075] When ancillary data words are to be inserted between data frames, a counter 
u i * w i located inside the control logic circuit 227 that generates the read addresses is stopped, 

> 1 S; » " 5 thereby causing the data memory devices 223-1, 223-2 to keep on outputting the same 

\1 3 >- u 5 £ 

< i 1 1 S § data word. The control logic 227 also generates a SERDES control signal that sets the 

S 8 2 8 jjj mode of operation of the SERDES 206 (Figure 4). In particular, the SERDES is 

O on 

instructed by the control logic circuit 227 to either (A) perform a 16b-to-20b conversion 
on a data word, (B) output an idle word, or (C) output a carrier word. 
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[0076] In this embodiment, the control logic circuit 227 and multiplexor 231 are 
configured to monitor a fullness level of the RF data memory device 223-1 and 
maintenance data memory 229. Particularly, when the fullness level of memory device 
223-1 is more than a predefined threshold level, the control logic circuit 227 and the 
multiplexor 231 output data stored in the RF data memory devices 223-1, 223-2 in a 
first mode; and, when the fullness level of the RF data memory device 223-1 is less than 
the predefined threshold level, the control logic circuit 227 and the multiplexor 231 
output data stored in the RF data memory devices 223-1, 223-2 and the maintenance 
(i.e., non-RF) data stored in the memory device 229 in a second interleaved mode. 
Several different output modes will be described in the following. 
[0077] Figures 6A-6C illustrates three different modes for inserting the ancillary data 
words between the data frames. In these figures, time flows from left to right. This 
means that the data frame on the left side is output earlier in time than the data frame on 
the right side. Hence, each sequence starts from an A data frame. Here, an A data 
frame is a data frame generated from the first data stream, and a B data frame is a data 
frame generated from the second data stream. 

[0078] Referring to Figure 6A, in a first mode during which no ancillary data streams 
are inserted between the data frames, a sequence of A and B data frames are generated. 
In other words, a data frame (of five words) from the first data stream is followed by a 
data frame from the second data stream which in turn is followed by the next data frame 
from the first data stream and so on. The control logic circuit 227 operates in this mode 
when the amount of data stored in the data memory devices 223-1, 223-2 is above a 
predefined threshold fullness level, which requires the stored data to be read out as 
quickly as possible. 
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[0079] More specifically, in one embodiment, every time the write address generated 

by the control logic circuit 227 cycles back to its starting value {e.g., zero), the read 

address generated by the control logic circuit 227 is compared with a predefined value, 

such as the address value at the middle of the memory devices and a "fullness" signal is 

generated based on that comparison. When the write address (also called the write 

pointer) is at its starting value and the read address is at the middle value, the memory 

devices are half full. When the read address is less than the middle value, the memory 

devices are less than half full and the fullness signal is set to a first value {e.g., "false") 

and when the read address is greater than or equal to the middle value, the memory 

devices are at least half full and the fullness value is set to a second value {e.g., "true). 

The value of the fullness signal remains unchanged until the write address recycles back 

to its starting value, at which time the fullness signal is re-evaluated. When the fullness 

signal generated by the control logic circuit is equal to the second value (true), the 

transmitter operates in the mode shown in Figure 6A, sending only RF data frames and 

no ancillary data. However, since the data transmit rate is greater than the data receive 

rate, by about 2.5% in the present embodiment, the fullness value will often be equal to 

the first value, indicating that either idles or ancillary data can be inserted into the 
Pi 

O § = output data stream. 

> 1 5? « " I [0080] Referring to Figure 6B, during a second mode, four idle words are inserted as 
< i 1 1 £ 0 the ancillary data between a B frame and an A frame. More specifically, a data frame 

Sibils 

2 * 2*5 from the second data stream is followed by four idle words which is followed by a data 

9 < " 

frame from the first data stream. This, in turn, is followed by a data frame from the 
second data stream and so on. The control logic circuit 227 operates in this mode when 
the amount of data stored in the memory devices is below the threshold fullness level 
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{i.e., the fullness signal has a value of "false"), but there is no maintenance data that is 
ready to be transmitted from memory device 229. The control logic circuit 227 is 
synchronized with the boundaries of the output data frames by the EOF framing bit that 
it receives whenever the last word of an A frame is output. Using the EOF framing bit, 
the current fullness value, and a signal indicating whether there is maintenance data that 
is ready to be transmitted from the memory device 229, the control logic will insert four 
idles after the end of the next B frame when the fullness value has a value indicating the 
memory devices are below the threshold fullness level and there is no maintenance data 
that is ready to be transmitted from the memory device 229. 

[0081] Referring to Figure 6C, during a third mode, between a B frame and an A frame 
four words are inserted. In particular, the four words, forming the ancillary data include 
one idle word, one carrier word and two maintenance data words. The carrier word is 
used to indicate that the two maintenance data words are transmitted instead of the last 
two idle words. The control logic circuit 227 operates in this mode when the amount of 
RF data stored in the memory devices is below the threshold level and there is 
maintenance data in memory device 229 that is ready to be transmitted. If, for example, 
the amount of maintenance data to be transmitted is 100 words, approximately 24 words 
of this data will be transmitted each time the memory devices 223 are determined to be 
below the threshold level. These 24 words of maintenance data are transmitted, two 
words at a time, after each of twelve successive B frames, after which the fullness of the 
memory devices 223 will be re-evaluated. At the gigabit per second data rates used in 
the system, and the generation of a new packet of maintenance data only once every 40 
ms (occupying a bandwidth of approximately 100 Kb/s, including the idle and carrier 
overhead words and 8b/10b encoding overhead), the maintenance data occupies only a 
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very small fraction of the 60 Mb/s bandwidth available in the auxiliary data "channel" 
(Of the 60 Mb/s bandwidth of the auxiliary data channel, 50% is used by idle and 
carrier marks to denote the presence of data in the channel, and 20% of the remaining 
bandwidth is occupied by the 8b/10b encoding, resulting in a true raw auxiliary data 
bandwidth of approximately 24 Mb/s. This 24 Mb/s of available bandwidth is still very, 
very large compared to the 40 Kb/s raw data rate used for maintenance data 
transmission in a preferred embodiment.) 

[0082] Referring to Figure 5, the data frames generated from the first and second data 
streams along with the maintenance data are sent to a data-out multiplexor 231. The 
operations of the data-out multiplexor 231 are controlled by the control logic circuit 
227. In summary, the data-out multiplexor 231 operates in one of the three modes 
discussed above in connection with Figures 6A-6C. 

[0083] In addition, the control logic circuit 227 sends control signals to the SERDES 
206 (Figure 4) to control the transmission of data from the data memory devices 223-1, 
223-2 and idle words. 

[0084] As discussed above, the output of the data-out multiplexor 231 is prepared for 
the serializer/deserializer (SERDES) circuit 206, a link serializer chip which has a 
sixteen-bit wide input. Each sixteen-bit word is converted by the SERDES circuit 206 
into a twenty-bit symbol. Only the serializer function of the SERDES circuit 206 is 
used in transmitter 200, while the deserializer function is used in the receiver 250. The 
SERDES circuit 206 maps all possible eight-bit symbols into ten-bit symbols that are 
"balanced" with respect to 1 and 0 bits, and which provide sufficient data transitions for 
accurate clock and data recovery. Further, the SERDES circuit 206 maps two eight-bit 
words at a time, and thus converts sixteen-bits of data at a time into twenty-bit symbols. 
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This mapping, called link encoding or 8b/10b encoding, adds twenty- five percent 
overhead to the transmitted data stream. Therefore if data is submitted to the link at a 
rate of 2.00 Gb/s, the link must transmit data at a rate of at least 2.5 Gb/s. In one 
embodiment of the present invention, the optical link operates at 2.56 Gb/s. The extra 
bandwidth is used by the link to transport the ancillary data. Serial data from the 
serializer circuit 206 is driven into a fiber optic transmitter 208, 209 that converts 
electrical 1 and 0 bits into optical 1 and 0 bits. This fiber optic transmitter includes a 
laser diode driver 208 and a laser diode 209. This device modulates the light generated 
by the laser 209 and also keeps it stable over temperature and changing supply voltages. 

B. Return Path Single RF Signal Transmitter 
[0085] A single RF data channel RF signal transmitter 200- IX is shown in Figures 7 
and 8. The operation of this version of the RF signal transmitter is similar to that of the 
return path dual RF signal transmitter described above with respect to Figures 4 and 5. 
Aspects of this transmitter 200- IX that differ from the dual channel transmitter 200 will 
be described here. 

[0086] First, of course, the single RF data channel transmitter 200- IX uses only one 
input amplifier 203, ADC 202, data latch 220 and tone adder 225. Since the single 
channel transmitter 200- IX has only one channel of RF data, with a raw data rate of 1.0 
Gb/s, the symbol clock (produced by symbol clock generator 2 14- IX) can use a rate as 
low as 64 MHz, which is half the speed of the symbol clock of the dual channel 
transmitter. In one embodiment, the single channel transmitter 200- IX uses a symbol 
clock rate of 80 MHz because that is the minimum clock rate useable with a preferred 
SERDES 206 circuit. In this embodiment, additional bandwidth is available for use in 
the auxiliary channel. For convenience, the single channel transmitter will be described 
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with a 64 MHz symbol clock, but it is to be understood that clock rates above 64 MHz 
would work equally well. 

[0087] Referring to Figure 8, the control logic circuit 227- IX uses the A frame EOF 
signal slightly differently than in the dual channel version. In particular, if the data 
memory device fullness signal has been evaluated to be "false," indicating the memory 
device 223 is less than the threshold level of fullness, and there is maintenance data 
ready for transmission in the maintenance data memory 229, then an I C M M sequence 
of idle, channel and maintenance data words is inserted after the A frame so as to 
interleave maintenance data with the A frame data. If there is no maintenance data 
ready for transmission in the maintenance data memory 229, and the fullness signal is 
"false," then four idle words are inserted after the A frame. When the fullness signal is 
"true," A frames are transmitted without interruption by idles or maintenance data. 

C. Return Path Receiver 
[0088] The receiver 250 at the receive end of the link receives the digitally modulated 
light, processes it with a sequence of digital signal-processing circuits that prepare the 
data and then pass it to a pair of digital to analog (D/A) converters 270-1, 270-2. The 
output of the D/A converters 270-1, 270-2 are "regenerated RF signals" that closely 
match both the frequency domain and time domain characteristics of the RF signals on 
coaxial cables 106-1, 106-2, respectively. The dual channel version of the receiver 250 
will be described first; the single channel version of the receiver will then be described 
in terms of the differences between dual and single channel versions. 
[0089] Referring to Figures 9 and 10, the receiver 250 at the receive end of the optical 
fiber 210 includes a fiber receiver 252,254 that changes the optical 1 and 0 bits 
transmitted over the optical fiber 210 back into the appropriate electrical 1 and 0 bits. 
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This serial bit stream is driven into a deserializer circuit 258 of a serializer/deserializer 
(SERDES) circuit 256 (e.g., TLK-2500 or TLK-2501). The SERDES circuit 256 also 
includes a clock recovery circuit 260 that recovers the 2.56 GHz bit clock and the 128 
MHz symbol clock from the incoming data. The deserializer 258 converts the received 
data from twenty-bit words into sixteen-bit data words using either standard or 
proprietary 10b/8b or 20b/16b decoding. The sixteen-bit data words are in turn clocked, 
using the recovered symbol clock, into a receiver signal processing logic circuit 262. 
The deserializer 258 generates a set of flag signals in addition to decoded data values. 
The flag signals indicate whether the current symbol is a data word, idle word, or carrier 
word. Maintenance data words are identified by the signal processing logic 262 as the 
two data words following an idle word and carrier word. 

[0090] The receiver signal processing logic 262 is implemented in a preferred 
embodiment using a field programmable gate array (FPGA), such as a suitable FPGA 
from Altera®, which includes a pair of receiver data memory devices 280-1, 280-2 in 
the dual channel version of the receiver, and one such data memory device in the single 
channel version. The memory devices 280-1, 280-2 are preferably FIFO memory 
buffers implemented by one or more asynchronous dual ported RAM's (random access 
memories). 

[0091] Referring to Figures 10 and 1 1, the receiver's signal processing unit 262 includes 
a demultiplexer 279 which receives the deserialized data and the flag signals from the 
deserializer 258. The demultiplexor 279 is configured to send data words from the A 
frames to memory device 280-1, and data words from B frames to memory device 280- 
2 and maintenance data to a memory device for maintenance data 281. Each transition 
from a data word to an idle word is used to reset a state machine in the demultiplexor to 
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a starting (Idle 1) state, which in turn allows the demultiplexer 279 to accurately 
generate an end of frame bit for each RF data word. Idles and carrier words are not 
written into any of the memory devices. The demultiplexer 279 is also configured to 
generate appropriate write enabled signals, transmission error bit and end of frame 
signals. A transmission error bit and end of frame bit are generated for each data word 
and are forwarded to memory devices 280 for storage along with the data words. In 
another embodiment, the transmission error bit and end of frame bit for each data word 
can be stored in a parallel memory device. 

[0092] Figure 1 1 shows a simplified state diagram for the receiver demultiplexer 279. 
This diagram shows the main states, but does not show all error states and furthermore 
clumps together certain groups of states such as the individual data word states. Thus, 
the Maint Data state handles the storage of two data words into the maintenance data 
memory device 281. More importantly, the Frame A state handles a sequence of five 
data words, storing four in memory device 280-1 with EOF set equal to 0 and storing 
the last data word in memory device 280-1 with EOF set equal to 1. The Frame B state 
similarly handles a sequence of five data words, storing four in memory device 280-2 
with EOF set equal to 0 and storing the last data word in memory device 280-2 with 
EOF set equal to 1 . Each transition from a data word to an idle word resets the state 



H | h w S g machine back to the Idle 1 state, regardless of the current state of the state machine (i.e., 
§ 1 1 o h w this happens not only when in the Frame B state). As a result, if the receiver becomes 
2 * 2 s 5 desynchronized with the transmitter, for instance if there is a transmission error that 
causes the receiver to lose track of where it is in the transmitted data sequence, the data 
word to idle word transition is used to reset the demultiplexer back to a well-defined 
state. 
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[0093] Referring again to Figure 10, a receiver control logic circuit 283 generates read 
and write addresses for the various memory devices located in the receiver signal 
processing unit 262. With respect to the data memory devices 280-1, 280-2, the control 
logic circuit 283 generates write addresses at 128 MHz (for writing 16-bit data words 
into memory devices 280-1, 280-2 and 281) and the read addresses at 100 MHz (for 
reading 16-bit data words out of each of the memory devices 280-1 and 280-2 in 
parallel). However, data is read from the memory devices 280-1 and 280-2 on only five 
of every eight clock cycles of the 100 MHz sample clock so that one 80-bit data frame 
is transferred from each memory device 280 once every eight cycles of the 100 MHz 
sample clock. 

[0094] A clock speed adjusting circuit 284 determines whether an excessive amount of 
data is stored in the data memory devices 280-1, 280-2 by monitoring the read and write 
addresses. In particular, each time the write address generated by the control logic 283 
wraps around to a starting value, the fullness of the memory devices 280 is determined 
by comparing the current read address with a predefined threshold. When the read 
address indicates that the fullness of the memory devices 280 is above a threshold 
fullness level (e.g., a half), the clock speed adjusting circuit 284 adjusts a clock 
adjusting signal 266 so as to reduce the memory read clock rate (which has a nominal 
rate of 100 MHz), and when the memory devices 280 are at or above the threshold 
fullness level the clock speed adjusting circuit 284 adjusts the clock adjusting signal 
266 so as to increase the memory read clock rate. The clock speed adjusting circuit 284 
preferably makes this determination each time the write address wraps around to a 
starting value, and then adjusts the clock adjusting signal 266 accordingly. 
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[0095] A 100 MHz VCXO (voltage controlled crystal oscillator) 264 is used to generate 
a sample clock signal 265 (see Figure 9), also called the read clock, that is locked to the 
100 MHz sample clock 213 of the transmitter 200. The VCXO 264 is tuned to have a 
center frequency of 100 MHz, and to respond to the clock adjusting signal 266 by 
preferably varying its frequency by plus or minus 100 parts per million (i.e., from a low 
of 99.99 MHz to a high of 100.01 MHz). 

[0096] If the rate of the sample clock 265 in the receiver 250 is faster than the rate of 
the sample clock 213 in the transmitter 200, then the receiver memory devices 280-1, 
280-2 will become less than half full, at first intermittently and then consistently. When 
the clock speed adjusting circuit 284 determines that the memory devices 280-1, 280-2 
are less than half full (or more generally, less than a threshold level of fullness), the 
clock adjusting signal 266 is adjusted and applied to a speed adjust pin of the VCXO 
264 to slow its 100 MHz clock rate down by a small amount. The rate of the sample 
clock 265 generated by the VCXO 264 is adjusted until it is roughly in balance with the 
sample clock 213 of the transmitter 200. 

[0097] While actual balance between the sample clocks 265, 212 of the receiver 250 
and transmitter 200 may never occur, the clock tracking circuitry of the clock speed 
adjusting circuit 284 permits the return path link system to dynamically achieve full 
frequency tracking and locking between the sending and receiving ends of the link. 
[0098] The use of the VCXO 264, which runs off a local crystal, to generate the 
receiver's sample clock 265 enables the generation of a very low jitter sample clock 
while still allowing the use of a correcting voltage to speed up or slow down the sample 
clock. 
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[0099] The receiver signal processing logic 262 further includes sensors 286 that 
monitor temperature, voltages and other parameters of the receiver 250. A processor 
282 includes an internal memory device 288 that stores serial numbers, model numbers, 
software and hardware revisions, date of manufacture and the like of the receiver 250. 
The processor 282 periodically stores receiver maintenance data, including sensor data 
received from the sensors 286 and the receiver identification data stored in the 
processor's internal memory 288, in memory device 281. Thus memory device 281 
stores both transmitter maintenance data packets and receiver maintenance data packets. 
The control logic circuit 283 is configured to read out the maintenance data from both 
the transmitter and receiver stored in the memory device 281 and send them serially out 
through a communication interface 287, such as an RS-232 interface, to either a main 
controller of the receiver 250 or to a host computer. The device receiving the 
maintenance data can store it and/or analyze the maintenance data so as to determine 
whether the transmitter and receiver are operating properly. 

[00100] The receiver signal processing logic 262 also includes a pair of deblocking 
multiplexors 285-1, 285-2. The deblocking multiplexors are configured to receive the 
data read out from the memory devices 280-1, 280-2 along with associated control 

pi 

O? v : signals. The deblocking multiplexors 285-1, 285-2 are configured to convert each 80 

O g > g 3 S 

6 % h w S h bit data frame from a set of five 16-bit words into eight 10-bit words; this data format 
< ||o conversion is herein called the deblocking function. In addition, the deblocking 

2 Hoi ^ 

3 1*1° 5 multiplexors 285-1, 285-2 use the end of frame flag signal to reset the deblocking 

function in case it ever gets out of sync. This gives the receiver 250 a very substantial 
error recovery process. Any deblocking error will automatically be fixed when the next 
end of frame is received. If for any reason the deblocking circuitry gets "out of synch" 
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with the data stream, the circuitry automatically recovers within one frame length of 80 
bits (five 16-bit words); for instance, upon receiving an EOF signal that is not in the 
fifth 16-bit word of the current data frame, a deblocking multiplexor 285 may discard 
the data in the current frame and then restart its processing by treating the next data 
word from memory device 280 as the first 16-bit word of a next data frame. 
[00101] Moreover, if a data word read out of the memory devices 280-1, 280-2 has the 
transmission error bit set in, the deblocking multiplexors 285-1, 285-2 substitute the last 
previous good value that was read out of the memory devices 280-1, 280-2 in place of 
the bad received value. For most cases, this will be the same or close to the actual data 
transmitted in error. This gives the receiver 250 the opportunity to digitally filter out a 
single transmission error from the data stream. 

[00102] The deblocking multiplexors 285-1, 285-2 may also operate in a test mode, 
sending test data generated by a test generator circuit 289 in place of the RF sample data 
from memory devices 280-1, 280-2. The single channel version of the return path 
receiver is essentially the same as that shown in Figures 9 and 10, except as follows. 
Only one memory device 280 and one deblocking multiplexor 285 is needed. Thus, 
received RF data is sent by the demultiplexer 279 only to the one memory device 280 

oi 
w 

O | * w 5 and maintenance data is sent to memory device 281. In addition, the sample clock of 
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> 1 5 js * I the s i n gl e channel receiver operates at 64 MHz instead of 128 MHz. 
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D. Discussion of CATV Digital Return Path Clock Generation and 
Management 

[00103] As discussed above, digital CATV return path systems require the A/D and 
D/A sampling clocks to be at the same frequency, with very low jitter. Furthermore, in 
prior art systems, the frequency of the A/D clock must be transported over the 
communications link with the sampled data to reconstruct the signal. Jitter on either 
sampling clock results in noise in the recovered analog signal. 

[00104] In the present invention, at the transmitter 200 shown in Figure 4, a low noise 

oscillator 212 is used to generate the sample clock that is used to clock data from the 

A/D converter 202 into the FIFO buffers 223-1, 223-2. A separate oscillator 214 is 

used to generate the symbol clock for the transmitter. In order for the frequency of the 

symbol clock generator 214 to be independent of the sample clock frequency, the 

transmission rate over the communications link must be higher than the data rate 

generated by the A/D converters 202-1, 202-2. The transmitter's signal processing logic 

204 sends data from the FIFO buffers 223-1, 223-2 over the optical fiber 210 when 

there is sufficient data in the FIFO buffers 223-1, 223-2, and otherwise the data sent 

over the optical fiber 210 is padded with other characters. 

& [00105] The receiver 250 receives data from the communications link 210 and recovers 

w 

O § erf — 

w £ < 1 1 x the symbol clock signal 274. The receiver 250 recognizes which received symbols are 

Q 2 -> h w < 
£2 o < H x 

z d > o 5 1 data and which are pad characters. The data symbols that are RF data samples are 
placed in the receive FIFO buffers 280-1, 280-2 (Figure 10) using the symbol clock 
" signal 274. RF data samples are sent from the FIFO buffers 280-1, 280-2 to the D/A 
converters 270-1, 270-2 at the sample clock rate. The regenerated RF signals produced 
by the D/A converters 270-1, 270-2 are processed by a CMTS (cable modem 
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termination system) 134, which processes the RF signals so as to determine the 
subscriber originated messages encoded in those RF signals. Depending on the 
configuration of the CMTS 134, the two regenerated RF signals may be summed on an 
input port of the CMTS 134, or the two regenerated RF signals may be directed to 
different input ports of the CMTS 134. 

[00106] In another embodiment shown in Figure 9B, the digital RF data samples in 
FIFO buffers 280-1 and 280-2 are mathematically summed by a summer 267 and the 
resulting sum is sent to a single D/A converter 270 at the sample clock rate. The D/A 
converter 270 generates an analog, regenerated RF signal that is equal to the sum of the 
two RF signals that were sampled at the two subtrees. From another viewpoint, the 
analog signal comprises regenerated versions of the first and second RF signals 
superimposed on each other. The regenerated RF signal is sent to the CMTS 134 for 
processing. 

[00107] The sample clock 265 is generated by the VCXO 264. The VCXO's 264 
frequency is adjusted slowly over a small range to keep the rate of data taken from the 
FIFO buffers 280-1, 280-2 the same as the rate data is placed into the FIFO buffers 280- 
1, 280-2. Control of the VCXO ? s 264 frequency is accomplished based on the amount 
of data in the FIFO buffers 280-1, 280-2. If the FIFO buffers 280-1, 280-2 are more 
than half full (or any other appropriate threshold level), the VCXO ! s 264 frequency is 
increased, taking data out faster. If the FIFO buffers 280-1, 280-2 are less than half full, 
the VCXO ? s 264 frequency is decreased, taking data out slower. 

[00108] Accordingly, the present invention has lower receiver sample clock time jitter 
than the prior art systems depicted in Figures 2 and 3 because the receiver's sample 
clock is not contaminated by noise associated with recovery of the symbol clock. 
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[00109] More specifically, in the prior art systems, the recovered clocks derived from a 
multiplied clock at the transmitter end 150 (Figure 2) of the link typically will have 
jitter of more than 10-20% of the bit cell time. When the link rate is L25 Gb/s, (with a 
bit cell time of 800 ps) it is not uncommon for the received sample clock to have jitter 
of 100 ps or more. When a sample clock with that level of jitter is used to clock the 
D/A converter of a receiver, the fidelity of the recovered RF signal will not be able to 
exceed that of an ideal 8-bit A/D and D/A conversion system. 

[00110] However, the return links of CATV systems generally require close to a full 
10 bits of data in order to match the performance of traditional analog based laser return 
path links. The frequency locking method of the present invention, including the use of 
VCXO in the receiver 250, allows the receiver's sample clock to be generated with jitter 
levels of 20-30 ps for signals between 5 and 50 MHz. 

[00111] The use of a digital return path in accordance with the present invention has 
many benefits. For instance, the length of the return path link can be very long without 
hurting performance, because digital link performance generally does not vary with link 
distance. Digital fiber optic links can be designed so that there is sufficient SNR for the 
link to operate "error free" for all practical purposes. Link error rates of less than 10" 15 
are not uncommon. Because of this, the return path link system does not show 
diminished performance from distances as short as 1 meter to those as long as 30 km of 
fiber or more. 

[00112] Link performance generally does not vary with poor splices, connectors, 
device temperature or normal voltage excursions. Again, the characteristics of the link 
with these changes can be measured, but even with these changes, while they do affect 
analog measurements, the SNR can be generally kept in the range where error free 
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digital performance is still possible. Therefore, the return path RF link of the present 
invention operates with a constant SNR over the component variations. 
[00113] Further, since digital return paths exhibit similar performance to analog return 
paths under "perfect conditions", digital return paths are able to provide greater 
immunity to ingress because margin, normally allocated to link degradations such as 
length, splices and temperature variations, can now be allocated to handling ingress, 
enabling the system to operate in spite of ingress that would normally drive a return 
path link system into clipping. 

E. Combining Return Path Data from Multiple Subtrees 
[00114] Figures 12 and 13 depict an embodiment of the present invention in which the 
return path data streams from two or more subtrees 300 are received over optical fibers 
210, combined at a hub 330 using time division multiplexing (TDM) and then 
transmitted over the optical fiber 360. The transmitters for each subtree of the system 
are the same as described above, except that in this embodiment the sample clock for 
the transmitter (for clocking the ADC's 202) is generated by a separate low noise, 
precision VCXO (voltage controlled crystal oscillator) 2 12- A. Furthermore, in order to 
enable the data streams from the various subtrees to be easily combined, the clock rates 
of the VCXO's 2 12- A in all the subtrees are controlled by a pilot tone by oscillator lock 
logic 308 that is included in the transmitter of each subtree. It is noted that while the 
rates of all the VCXO's 2 12- A are forced to the same value, the phases of these clocks 
are not (and do not need to be) coordinated. 

[00115] In one embodiment, the pilot tone is a clock that runs at approximately 40% of 
a predefined target sample clock rate. For instance, the pilot tone may be a 40 MHz 
clock signal when the target sample clock rate is 100 MHz. The oscillator lock logic 
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308 for each subtree 300 receives the locally generated sample clock and generates a 
correction voltage that ensures that the sample clock rate is precisely equal to 2.5 times 
the pilot clock rate. Locking of the VCXO 2 12- A to the pilot tone is accomplished by 
counting pulses from each and generating a suitable correction voltage (using pulse 
width modulation and low pass filtering) that is applied to the VCXO. In other 
embodiments, other sampling clock rates, pilot tone clock rates and sample to pilot 
clock rate ratios can be used. 

[00116] Figure 12 shows apparatus for distributing the pilot tone to the subtrees of a 
CATV system. At the head end system 310, forward link signals are produced by 
television signal feeds 312, digital signal feeds 314 (e.g., data from an Internet service 
provider for viewing by subscribers using browsers) and a pilot tone generator 316. 
The pilot tone produced by generator 316 is preferably a sinusoidal signal that is added 
to the television and other signals transmitted over the forward path of the CATV 
system by a head end transmitter 318. At each subtree 300, a notch filter 304 is used to 
separate out the pilot tone from the other signals on the forward path, and an amplifier 
306 is used to convert the extracted sinusoidal pilot tone into a pilot clock signal. The 
pilot clock signal is received by the oscillator lock logic 308 of the subtree's transmitter, 
the operation of which is described above. 

[00117] As shown in Figure 13, the return path transmitter apparatus, herein called a 
hub 330, receives data from two or more subtrees via optical fibers 210. The hub 330 
includes a digital receiver 332 for converting the signals from each subtree into 
electronically stored or buffered data frames which then forward the data frames to a 
time division multiplexor or wavelength division multiplexor 334. The hub 330 may 
also receive data from another service or source 340. For instance, the other source 340 
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may be a system that generates test patterns to enable the head end system to detect data 
transmission errors. 

[00118] Signal processing logic in the multiplexor 334 preferably includes a separate 
FIFO buffer for storing data from each subtree, as well as a FIFO for storing data from 
the other sources 340. The FIFO buffers for all the subtrees will always, at the 
beginning of each frame transmission period, have the same level of fullness. 
Whenever the FIFO buffers for the subtrees are more than half full, a frame of data 
from each subtree FIFO is transmitted over the return path link. When time division 
multiplexing is used, the combined data signal is transmitted using a single laser diode 
driver 336 and laser diode 338. When wavelength division multiplexing is used, 
multiple laser diode drivers and laser diodes are used. 

[00119] Whenever the FIFO buffers for the subtrees are less than half full, one or more 
frames of data from the FIFO for the other service 340 is transmitted over the return 
path link, and if there is insufficient data in the FIFO for the other service 340, the 
frames allocated to the other service are filled with pad symbols. The bandwidth 
available for data from the other service 340 depends on the difference between the 
output transmission rate of the hub and the combined input data rates of the data 
streams from the subtrees coupled to the hub. 

[00120] In this embodiment, all the subtree return path transmitters have essentially the 
same sampling clock frequency. This enables the system to have coherence between 
the return path signals as they are collected in intermediate points throughout the 
system, which in turn enables low cost aggregation of the return path signals. 
[00121] In TDM implementations where the sample clocks of the subtrees are not 
controlled by a pilot tone, and thus will vary somewhat from each other, the signal 
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process logic of the multiplexor 334 adds and drops pad characters, as necessary, from 
the incoming data streams to make up for differences between the clock rates of the 
received data streams and the clock rate of the hub's symbol transmission clock. As 
long as the bandwidth occupied by pad characters in each data stream exceeds the worst 
case mismatch in clock rates between the hub's outgoing symbol clock and the clock 
rates of the incoming data streams, no data should be lost using time division 
multiplexing. For instance, the signal processing logic of the multiplexor 334 may 
insert pad symbols in place of a data frame for a particular subtree when the RP data 
FIFO buffers for the other subtrees contain sufficient data for transmission of a next 
data frame but the FIFO buffer for the particular subtree does not. 
[00122] As indicated above, a hub may use a wavelength division multiplexor (WDM). 
In one embodiment, the WDM is a coarse wavelength division multiplexor that 
transmits two or more data streams on two or more respective optical wavelengths. 
Using "coarse" wavelength division multiplexing means that the optical wavelengths of 
the two optical signals are at least 10 nm apart (and preferably at least 20 nm apart) 
from each other. In one embodiment, each optical fiber 360 carries a first 2.56 Gb/s 
data stream at 1310 nm, and a second 2.56 Gb/s data stream at 1550 nm. 
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F. Second Method of Traffic Aggregation 
[00124] In prior art systems, return paths are normally aggregated using analog RF 
combination techniques, but this causes the link noise to increase without any increase 
in signal. Digital aggregation using time division multiplexing, as described above, 
allows simultaneous transport of multiple data streams over a single fiber without signal 
degradation. 

[00125] Synchronizing of all of the return path clocks to a single frequency reference 
allows simpler digital aggregation of multiple streams because the data from each 
stream is coherent with the others. For example, two return path data streams can be 
combined by simple addition of the data. This is the same as performing an RF 
combination, but it does not require that the signals be taken from the digital domain 
back to analog. This method of combination may be performed at a node where two or 
more subtrees meet, at an intermediate point in the CATV system such as a Hub, or can 
be performed at the head end before the signals are processed by a CMTS at the head 
end system. In all cases, the methods are the same and the ability to perform this 
function digitally means that no additional losses in signal integrity beyond what would 
happen from theoretical arguments (i.e. normal signal to noise degradation) will occur. 
Because it is possible to design the CATV system using digital returns with SNR levels 
that cannot be obtained using analog fiber optic methods, it is therefore possible to start 
with signals that are so clean that significant levels of digital combining can be 
performed. This enables the system to meet other objectives, such as cost reduction and 
signal grooming under changing system loads. 

[00126] It is noted that the return link system shown in Figures 2 and 3 requires 
synthesizers in both the transmitter and the receiver, while the present invention uses a 
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synthesizer only in the receiver, thereby lower the cost and increasing the reliability of 
the return path link. 

G. Daisy-Chain Version of Return Link System Using Summing RF 
Transmitters and Large Bandwidth Non-RF Data Channel 

[00127] Attention now turns to a "daisy chain" embodiment of the present invention. 

In the following description, whenever the daisy chain embodiment uses components 

whose function is the same as in previous embodiments, those components are labeled 

with the same reference numbers in the diagrams and explanations of the daisy chain 

embodiment(s), and furthermore the function and operation of such components shall be 

explained only to the extent necessary to understand their function and operation in the 

daisy chain embodiment (s). 

[00128] Figure 14 shows a CATV digital return path link system 400 in which a 
plurality of the subtree return link transmitters 402 are connected in a daisy chain, and 
which furthermore provide a set of large bandwidth digital channels in addition to 
providing a digital return path link for RF data. More specifically, in the embodiment 
shown the return links of up to eight subtrees of the CATV system are serviced by the 
"summing RF transmitters" 402, although the number of subtree RF transmitters may be 
more or less in other embodiments. Each summing RF transmitter 402 receives a data 
stream from a previous node as well as the RF data signal from a local subtree. The 
summing RF transmitter 402 sums the RF data in the received data stream with the RF 
data from the local subtree J (where J is an index that identifies the local subtree), 
converts the resulting data stream into an optical digital signal, and forwards the 
resulting optical digital signal over an optical fiber 404-J to a next node of the system. 
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[00129] The first summing RF transmitter 402 in the daisy chain receives a data stream 
over an optical fiber 404-0 (or alternately over the main optical fiber and cable forward 
path) from a set of routers 406 at the head end of the system. This data stream will be 
described in more detail below. The last summing RF transmitter 402 in the daisy chain 
sends its output data stream to a hub 408 at the head end of the system. The master 
clock for the daisy chain can be provided by the clock of the first summing RF 
transmitter, or from the head end itself. Or, the system can be configured so that the 
master clock is provided by any of the summing RF transmitters in the chain. 
[00130] By summing the RF data from multiple subtrees, the RF signals are 
superimposed on each other, and the resulting data stream represents the sum (also 
called the superposition) of these RF signals. 

[00131] Each summing RF transmitter 402, in addition to sending RF data to the head 
end system, also receives, forwards and routes a set of large bandwidth data channels. 
In one embodiment, each summing RF transmitter 402 has a separate 100 Mb/s data 
channel, for instance implemented as an Ethernet channel. The data stream received by 
each RF transmitter includes a 100 Mb/s data channel for each subtree. The RF 
transmitter routes the data in its data channel to a router or other device (not shown) at 
O I * = local node, and also inserts into this data channel a stream of data stream. Thus, the 

8 | h n S | received data in the channel for the local node is "dropped" onto a local bus, and data 

A ^ « < E > 

< i 1 1 § u provided by the local node is "added" to the channel. In most embodiments, it is 
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having a bandwidth of at least 5 Mb/s. In other embodiments, the non-RF data stream 
may be implemented as a half-duplex data channel, conveying data only in the return 
path direction from each subtree to the head end system. 
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[00132] The supplemental data channel for each subtree return link transmitter 402 
may be, for instance, a fiill duplex 10 Mb/s or 100 Mb/s Ethernet channel, and the 
connection to the return link transmitter 402 may be made by a fiber optic, cable or 
wireless connection. 

H. Bandwidth Allocation and Data Stream Structure 
[00133] In the embodiment shown in Figure 14, the data stream sent over the optical 
fibers 404 is sent at approximately 2.56 Gb/s, and that bandwidth is allocated as 
follows: 1.20 Gb/s is used for transmitting the RF data from all the subtrees as a 
combined, summed signal; 800 Mb/s is used for eight 100 Mb/s Ethernet data channels, 
one for each of eight subtree nodes; the RF data and Ethernet data streams are combined 
and 8b/10b encoded, resulting in a combined data stream of 2.5 Gb/s; and a 
maintenance data channel of up to 24 Mb/s (60 Mb/s including encoding and overhead 
bits) is used to transmit maintenance data from the RF transmitters to the head end 
system. 

[00134] With reference still to Figure 14, the 24 Mb/s maintenance data channel is also 
used to send commands from the head end system (or from an intermediate hub 
between the RF transmitters and the head end system) to the RF transmitters. Examples 
of commands that may be sent by the head end system (or by a hub) to any specified RF 
transmitter include: a command to send a sample of the RF data from its subtree via the 
maintenance data channel, a command to stop sending RF data from its local subtree 
(e.g., due to excessive ingress in that subtree), and a command to increase or decrease 
the gain of its RF input amplifier. 

[00135] Figure 15 depicts the data structure of the data transmitted over the return link 
optical fiber 404 by any one of the subtree return link transmitters 402. The data stream 
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generated by the transmitter includes a sequence of 16-bit data words, a first portion of 
which represents an RF data sample and a second portion of which is non-RF data from 
one of the data channels. In one embodiment, 12 bits of each data word represent one 
RF data sample and 4 bits are non-RF data from a data channel. When the number of 
data channels is N (e.g., eight), the data channel whose data is included in each data 
word is rotated in round robin fashion, giving each data channel an equal share of the 4- 
bit data sub-channel of the 16-bit data word channel. In other words, the non-RF data 
channels are time division multiplexed so as to occupy the 4-bit data sub-channel of the 
16-bit data word channel. 

[00136] As indicated in Figure 15, each 16-bit data word is converted into a bit- 
balanced 20-bit word using either a standard or proprietary 8b/10b or 16b/20b 
conversion. In addition, as in the embodiment described earlier in this document, the 
20-bit encoded data words are padded with either idles and maintenance data, when 
such maintenance data is available to produce the full data stream sent over the optical 
fibers 404 of the system. 

[00137] The data stream sent over the forward path (down stream) optical fiber 404-0 
has the same format as that shown in Figure 15. However, the RF data in each data 
word is either set to a fixed value, such as zero, or is set to carry one or more low 
amplitude dithering "tones" of the type described above as being generated by the tone 
adder 225 (see Figure 5 and the associated description). Furthermore, the data stream 
sent over the forward path 404-0 will typically not contain any maintenance data, and 
thus the RF data words will be padded with idles. However, as indicated earlier, in 
some embodiments the RF data words are padded with both idles and command data. 
For instance, command data may be sent between data frames by transmitting two 
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carrier words followed by two command data words. The command data words, when 
accumulated, represent one or more commands. Each command includes a destination 
portion identifying which RF transmitter or transmitters are the destination of the 
command and a command portion specifying an action to be taken or a mode to be set 
in the identified RF transmitter or transmitters. 

[00138] In one embodiment of the return link system shown in Figure 14, each data 
frame contains 16 data words. The first data word of each data frame contains data for 
the first non-RF data channel and the last data word of each data frame contains data for 
a last one of the non-RF data channels. Idles, maintenance data and commands are 
inserted between data frames using the same methodology as described above for the 
IX and 2X return link transmitters. Each transition from an Idle to a Data word is 
indicative of the beginning of a data frame, and this transition is used to synchronize 
each summing return link transmitter 402 with the data stream received from the 
previous node. 

[00139] It is to be understood that Figure 15 represents just one example of how the 
bandwidth of an optical fiber could be allocated and how the data stream transmitted 
could be structured. As will be understood by those skilled in the art, there are an 
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I- Daisy Chain / Summing Subtree Return Link Transmitter 
[00140] Figure 16 shows a block diagram of a subtree summing transmitter 402. As in 
the embodiments described earlier, the RF transmitter 402 includes a variable gain 
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amplifier 203 for adjusting the signal level of the received RF signal, and an analog to 
digital converter 202 for sampling the analog RF signal at a rate determined by a sample 
clock. In this embodiment, the full twelve bits generated by the ADC 202 are used. A 
tone adder 225 may optionally be used to add a set of low amplitude dithering tones to 
the RF data signal, as described earlier. 

[00141] The transmitter 402 also receives a digital data stream from a previous node 
via receiver 424. This data stream is received in parallel with the RF data from the local 
subtree. The received data stream includes digitized RF data from zero, one or more 
other subtrees of the system. The received data stream includes data from N (e.g., 
eight) non-RF data channels and maintenance data from a maintenance data channel. 
The various data channels within the received data stream are recognized and 
distributed by a demultiplexor 426. The demultiplexor 426 also recovers a sample 
clock from the received data stream, and that sample clock is used to drive the ADC 
202 so as to generate RF data from the local tree at a rate that is synchronized with the 
data rate of data stream received from the previous node. 

[00142] One output from the demultiplexor 426 is an RF data stream, containing 
twelve bit RF data samples in a preferred embodiment. This RF data stream is summed 
with the RF data for the local subtree by a summer 430 to generate a summed RF data 
signal on node 432. 

[00143] Another output from the demultiplexor 426 is a non-RF data stream, 
containing N (e.g., eight) time division multiplexed data streams. Only one of the N 
data streams belongs to a particular local subtree, and a Drop/Add circuit 434 is used to 
extract the non-RF data stream from one TDM time slot of the non-RF data stream and 
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to insert a new non-RF data stream into the same TDM time slot of the non-RF data 
stream. 

[00144] Yet another output from the demultiplexer 426, not shown in Figure 16, is the 
maintenance data stream (if any) contained within the received data stream. In another 
embodiment, a further output from the demultiplexer 426, not shown in Figure 16, is a 
command data stream contained within the received data stream. These aspects of the 
demultiplexor 426 will be described below with reference to other figures. 
[00145] As in the embodiments described earlier, the RF transmitter 402 may include a 
set of sensors 226 for monitoring temperature, voltages and other parameters of the 
transmitter 402. The sensor generated values are read by a processor 420, which also 
includes an internal memory device 230 for storing transmitter identifying information 
such as serial numbers, model numbers, software and hardware revisions, date of 
manufacture and the like of the transmitter 402. The processor periodically forwards 
the sensor generated values as the transmitter identifying information, herein 
collectively called maintenance data, to a FIFO memory device 229 (shown in Figure 
20). In one embodiment forwards the maintenance data to the memory device 229 once 
every 40 ms. 

[00146] In addition, the RF transmitter 402 preferably includes an RF data sampler 422 
for inserting a stream of samples of the RF data from the local subtree into the 
maintenance data stream. In one embodiment the RF data sampler 422 is activated by a 
command sent from the head end system. In another embodiment the processor 420 is 
programmed to activate the RF data sampler 422 on a periodic basis, such as once per 
minute. When activated, the RF data sampler 422, in conjunction with the processor 
402, generates a sufficient number of samples of the RF data from the local subtree to 
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enable a computer or other device that receives the sampled RF data (via the 
maintenance data stream) to perform a Fourier analysis of that data, for instance to 
determine whether there is excessive ingress at the local subtree. 
[00147] Figure 17 shows one embodiment of the receiver 424 and demultiplexer 426 
of the subtree return link transmitter of Figure 16. The receiver 424 includes a fiber 
receiver 252, 254, deserializer circuit 258 and clock recovery circuit 260 that operate as 
described above with reference to Figure 9A. A daisy chain receiver demultiplexor 450 
receives the data and flags recovered by the deserializer circuit 258 and identifies and 
demultiplexes that data for temporary storage in memory devices 452, which are used as 
FIFO's. The 12-bit RF data values, along with an EOF flag and transmission error flag 
for each received RF data word are stored in memory 452-1; the 4-bit non-RF data 
values and a 1-bit local content selection flag are stored in memory 452-2; and 
maintenance data in the received data stream is stored in memory 452-3. 
[00148] The demultiplexor 426 includes a VCXO (voltage controlled crystal oscillator) 
264 that generates a sample clock, and a clock speed adjusting circuitry 284 that operate 
in the same manner as described above with reference to Figure 10. Control logic 
circuit 454 operates similar to the control logic circuit 283 of Figure 10, except that it 
now stores all the RF data in one memory 452-1 and stores non-RF from a set of non- 
RF data channels in another memory 452-2. Also, this control logic circuit 454 
generates a set of mode signals that control the operation of various circuits in the daisy 
chain summing RF transmitter 402 and may also generate a gain setting for the variable 
gain amplifier 203. 

[00149] Figure 18 shows the portion of the daisy chain receiver demultiplexor 450 of 
Figure 17 that generates the 1-bit local content selection flag, labeled f, Eth Sel" in 

- Page 50 - Docket No. 15436.253.78.1 



Figures 17, 18 and 20. As shown, the recovered data and flags are combined and 
separated, using "wired logic" (i.e., routing the various bit lines of the data and flag 
busses), to form a 14-bit "data + transmission error + EOF" bus 460 and a 4-bit 
"Ethernet data" bus 461. 

[00150] A channel ED state machine 466 keeps track of which non-RF data channel is 
currently being processed. As shown in Figure 19, whenever there is an Idle to Data 
word transition in the received data stream, the state machine is initialized so as to set 
the value generated by a cyclical TDM time slot counter to an initial value (e.g., 1). 
Once the state machine is initialized, it automatically increments the cyclical TDM time 
slot counter each time that a new RF data word is received by the daisy chain receiver 
demultiplexer 450. In addition, as shown in Figures 18 and 19, whenever the value 
generated by the cyclical TDM time slot counter matches the ID or index of the channel 
ID for the local node, the "Eth Sel" signal is set to a first value (e.g., 1) and is otherwise 
set to the opposite value (e.g., 0). The Eth Data and Eth Sel signals together form a 5- 
bit channel-marked data signal 462. 

[00151] As will be understood by those skilled in the art, there are many other ways 
that the TDM time slots of the non-RF data channel could be marked and identified by 
the subtree return link transmitters, and many (if not all) of those methodologies would 
be consistent the architecture and operation of the present invention. 
[00152] Figure 20 shows an embodiment of the drop/add circuit 434, multiplexer 436 
and transmitter 438 of the subtree return link transmitter 402 shown in Figure 16. The 
drop/add circuit 434 transmits the data on the Eth data bus onto an inbound local 
Ethernet channel, via a latch 470, when the Eth Sel signal is enabled (e.g., set to "1 "), 
and also inserts data received from an outbound local Ethernet channel into the non-RF 
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data stream, via a multiplexer 471, when the Eth Sel signal is enabled. During the time 
slots when the Eth Sel signal is not enabled, the non-RF data stream is passed by the 
multiplexer 471 unchanged. 

[00153] The multiplexer 436 of Figure 16 is implemented in one embodiment using a 
control logic circuit 472 to control the writing of RF data and non-RF data into memory 
device 474-1. Control circuit 472 also writes locally generated maintenance data into a 
memory device 229. Furthermore, control circuit 472 controls the process of reading 
data from memory devices 474-1, 452-3 (maintenance data from previous nodes) and 
229 (locally generated maintenance data) in a manner similar to that described above 
for control logic circuit 283 of Figure 10. In particular, data words in memory 474 are 
read out for transmission through the data out multiplexer 476 whenever the fullness of 
memory 474 is above a threshold level. When the fullness of memory 474 is not above 
the threshold level, a set of four idle words are inserted between data frames if neither 
maintenance data memory 452-3 or 229 contains a set of maintenance data ready for 
transmission. When the fullness of memory 474 is not above the threshold level, and 
either maintenance data memory 452-3 or 229 contains a set of maintenance data ready 
for transmission, and idle word, a carrier word, and then two words of the maintenance 
data are transmitted between data frames from memory 474 via the multiplexer 476. 
Once transmission of a set of maintenance data from either maintenance data memory 
452-3 or 229 begins, transmission of the maintenance data in that memory continues 
during the available slots between data frames (i.e., while the fullness of memory 474 is 
not above the threshold level) until the complete set of maintenance data has been sent. 
[00154] The transmitter 438, composed of serializer 206 and laser diode driver 208 and 
laser 209, operates as described above with reference to Figure 7. 
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[00155] An embodiment of the hub 408 in the head end system is shown in Figure 21. 

The hub includes a receiver 424, for receiving the return link data stream from the last 

subtree return link transmitter in the system, and a demultiplexer 478 for separating out 

the RF data stream, the non-RF data streams and maintenance data from each other. 

Receiver 424 is shown in Figure 17 and operates in the same manner as the receiver 424 

in the subtree return link transmitter. The demultiplexer 478 routes the RF data stream 

to a CMTS 134 at the head end, routes the non-RF data streams to a set of transceivers 

479, each of which exchanges data with a corresponding router 406 (e.g., Ethernet 

router), and routes maintenance data to a processor 482 at the head end for analysis. 

Each transceiver 479 sends one of the non-RF data streams to a corresponding router 

and receives a non-RF data stream from that router. The routers 406 may be 

conventional data network routers, such as 10 Mb/s or 100 Mb/s Ethernet routers. The 

cable modem termination system (CMTS) 134 receives the RF data stream representing 

the summed samples of multiple distinct subtree RF signals and reconstructs therefrom 

digital messages encoded within each of the subtree RF signals. Since the CMTS 134 is 

a product that has been used for a number of years to process return path signals in 

many cable television systems, its structure and operation are not described here. 

J. Sendin£ Commands Downstream to Subtree Return Link 
Transmitters 

[00156] In some embodiments of the present invention commands are sent by the head 
end system, or by an intermediary hub, so as to control the operation of the subtree 
return link transmitters. The need for head end control of the subtree return link 
transmitters potentially applies to all the embodiments described above. For instance, 
the commands sent by the head end system are received by a control logic circuit 227 
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(shown in Figure 5) which uses the commands to set the gain of the amplifiers 203, as 
well as to set the mode of other components of the transmitter 200. 
[00157] Figure 22 shows a system for sending commands to the return path 
transmitters of multiple subtrees via the main forward link of the cable television 
network. In this embodiment, the head end system 480 includes a processor 482, 
typically a computer, that injects command data packets into the main forward link via 
the head end transmitter 318. The commands, along with television signals and data 
feeds, are received by the forward path receiver 302 of each subtree in the system. The 
command packets are preferably transmitted at a carrier frequency not used by other 
signals in the system, and therefore a notch filter 484 is used to extract the command 
packets, and an amplifier 486 is used to convert the extracted signal into a data signal 
that can be received and interpreted by the control logic circuit 454 of the subtree return 
link transmitter. 

[00158] Figure 23 shows another embodiment of the demultiplexer of Figure 17 
having additional circuitry for receiving commands, such as commands sent by a head 
end processor, embedded in a data stream received from the head end of a CATV 
system. In this embodiment, the 24 Mb/s maintenance data channel is used to send 
commands from the head end system (or from an intermediate hub between the RF 
transmitters and the head end system) to the RF transmitters via the downlink Ethernet 
channel 404-0 shown in Figure 14. Examples of commands that may be sent by the 
head end system (or by a hub) to any specified RF transmitter include: a command to 
send a sample of the RF data from its subtree via the maintenance data channel, a 
command to stop sending RF data from its local subtree (e.g., due to excessive ingress 
in that subtree), and a command to increase or decrease the gain of its RF input 
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amplifier. The command data is preferably sent between data frames by transmitting 
two carrier words followed by two command data words. The command data words, 
when accumulated, represent one or more commands. Each command includes a 
destination portion identifying which RF transmitter or transmitters are the destination 
of the command and a command portion specifying an action to be taken or a mode to 
be set in the identified RF transmitter or transmitters. The destination portion may be 
implemented as an index value identifying a particular node, or as a bit map identifying 
one or more nodes as the destination of the command. The command portion may be 
implemented in using a conventional "op code + operand" format, or any other suitable 
format. 

[00159] The demultiplexer 500 includes a receiver demultiplexer 502 that recognizes 
commands embedded in the maintenance data stream and stores them in a memory 
device 506. If the command is directed only to the subtree return link transmitter in 
which it has been received, it is processed by the control logic circuit 504 in the 
demultiplexer 500 and is not forwarded to the next subtree node. If the command is not 
directed to the subtree return link transmitter in which it has been received, or it is also 
directed to additional subtree return link transmitters, the command is forwarded to the 
next subtree node via the data out multiplexer 476 shown in Figure 20. 

K. Automatic Gain Control and Ingress Detection and Control 
[00160] In any of the embodiments described above that include the ability to send 
commands from the head end system to the subtree return link transmitters, the head 
end system can optimize the input amplifier gain setting of each subtree return link 
transmitters as follows. First, the head end system monitors the RF data signal from the 
subtree. In the 2X and IX return link transmitters, the RF data signal from each subtree 
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is received at the head end as a distinct signal, and thus the energy level in the RF data 
signal can be analyzed by a processor at the head end. In the daisy chain embodiment, 
each subtree return link transmitter can be instructed to send an RF data sample to the 
head end via the maintenance data channel. 

[00161] In one embodiment, a number of threshold levels are defined and then used to 
determine how to adjust the gain of the RF input amplifier 203 (Figure 4) for each 
subtree return link transmitter. When the energy level in the RF data signal for a 
particular subtree is found to be below a first threshold, a command is sent to the 
subtree return link transmitter to adjust the input amplifier gain upwards, for instance by 
6 dB, so as to boost the power of the RF data signal. This has the effect of improving 
the signal to noise ratio for the subtree without having to modify any of the equipment 
in the system. When the energy level in the RF data signal for a particular subtree is 
found to be above a second threshold, indicating that data clipping may be occurring, a 
command is sent to the subtree return link transmitter to adjust the gain of the RF input 
amplifier downwards, for instance by 3 dB or 6 dB, so as to reduce the power of the RF 
data signal and to avoid data clipping. Each subtree return link identifier is preferably 
provided with the ability to set the input amplifier gain to at least three distinct gain 
levels, and preferably five distinct gain levels, in response to commands sent by the 
head end system. 

[00162] In addition to monitoring RF power, in one embodiment a processor in the 
head end system is configured to periodically perform a Fourier analysis of the RF data 
received from each subtree and to automatically detect ingress problems. When an 
ingress problem is detected, an operator of the system is notified. The operator of the 
system can then send a command, via the head end system, to the subtree return link 
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transmitter to either stop sending RF data to the head end, or to adjust the RF input 
amplifier gain so as to reduce the impact of the ingress problem. In some embodiments, 
if the ingress problem detected by the processor in the head end system is sufficiently 
severe, a command to stop sending RF data to the head end or a command to adjust the 
gain of the RF input amplifier may be automatically sent to the return link transmitter 
for the subtree having the ingress problem at the same time that a notification is sent to 
the system operator. 

L. Summing Subtree Return Link Transmitter with Extended Digital 
Processing 

[00163] Figure 24 shows a block diagram of a subtree summing transmitter 1000. As 
illustrated in Figure 24, the subtree summing transmitter 1000 includes many of the 
same components included in the subtree summing transmitter 402 illustrated in Figure 
16 and described in detail above. Except as described next, the description of the 
subtree summing transmitter 402 of Figure 16 provided above is also applicable to the 
subtree summing transmitter 1000 of Figure 24. 

[00164] The subtree summing transmitter 1000 includes a digital processing circuit 
1010 and an embodiment of the control logic circuit 227 that exchanges DPC signals 
with the digital processing circuit 1010 and transmits processing data to the monitor 
processor 420. In some embodiments of the present invention, the digital processing 
circuit 1010 may include a tone generator and adder circuit 225, which is described in 
detail above with reference to Figures 5 and 16. In such embodiments, the DPC signals 
include at least a mode signal generated by the control logic circuit 227 that controls the 
operation of the tone generator and adder circuit 225 in the digital processing circuit 
1010. In some embodiments, the DPC signals include information extracted by the 
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digital processing circuit 1010 from the new RF data and provided to the control logic 
circuit 227. In some embodiments, the extracted information is then used by the control 
logic circuit 227 to generate control signals for controlling operation of one or more 
components of the transmitter 1000. In other embodiments, some or all of the extracted 
information is conveyed to the monitor processor 420 (through the control logic circuit, 
or directly) for transmission to the system's head end. In yet other embodiments, the 
extracted information (or portions thereof) is used in both of these ways. 
[00165] The RF data received by the digital processing circuit 1010 is digitally 
processed by that circuit 1010. The RF data, which may or may not be modified by the 
digital processing circuit 1010, is then sent to the summer 430 to be combined with the 
previous RF data received via demultiplexor 426. 

[00166] Figure 24A illustrates an embodiment of the digital processing circuit 1010-1 
that includes a digital filter circuit 1020. The digital filter circuit 1020 is configured to 
perform one or more types of digital filtering. For example, the digital filter circuit 
1020 may shape the received RF data (labeled "New RF data" in Figures 24A, 24B, 
24C) in the frequency domain. 

[00167] More specifically, the digital filter circuit 1020 may be configured to 
implement a digital equivalent of a hardware equalization filter. Note that the gain of 
the variable gain amplifier 203 may degrade for higher frequency components of the 
new RF data. In some embodiments, an analysis of the gain degradation is performed 
as the data is received. In such embodiments, the gain degradation is evident in the 
digital output of the ADC 202 and detected by the digital filter circuit 1020. In other 
embodiments, the gain degradation of the variable gain amplifier 203 is known in 
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advance such that the digital filter circuit 1020 includes circuitry to perform a pre- 
defined correction to compensate for this known gain degradation. 
[00168] The digital filter circuit 1020 adjusts the new RF data (while in a digital form) 
such that it corresponds to an output of a variable gain amplifier 203 with equalized 
gain across the full frequency spectrum of the RF data. In other words, digital filter 
circuit 1020 removes the effects of the variable gain amplifier's 203 gain degradation. 
[00169] The digital filter circuit 1020 may also be configured to implement variable 
digital signal attenuation. In such embodiments, the RF signal amplitude is controlled, 
limited, or reduced by the digital filter circuit 1020. This results in stable RF 
performance even as the signal attenuation changes. 

[00170] The digital filter circuit 1020 may also be configured to filter noise from the 
new RF data. The noise filtering may be applied to the new RF data as a whole, for 
example by suppressing the new RF data signal in frequency ranges that should not 
contain any energy. In some embodiments, the new RF data is segmented between 
specific frequency bands. In these embodiments the digital filter circuit 1020 is 
configured to separate the new RF data into two or more signals, each for one of the 
specific frequency bands, and is further configured to individually filter the noise from 
each of these signals. The digital filter circuit 1020 is also configured to recombine the 
separate signals to reform a composite RF data signal. 

[00171] As described in detail above, the head end of the system may transmit 
commands to the control logic circuit 227. In addition to the functionality described 
above, these commands may control the operation of the digital filter circuit 1020. 
More specifically, the head end of the system passes commands to the control logic 
circuit 227 (as described above), which then issues commands and/or transmitted data 
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to the digital filter circuit 1020. Such commands and/or transmitted data are included in 
the DPC signals illustrated in Figures 24 and 24A. 

[00172] In an embodiment of the present invention, the digital filter circuit 1020 is 
configured to transmit filtering status data to the control logic circuit 227. The control 
logic circuit 227 is preferably configured to either (A) include logic sufficient to process 
such information, and possibly direct the digital filter circuit 1020 to adjust how the 
new RF data is filtered, and/or (B) pass some or all of the filtering status data to the 
head end system via the monitor processor 420. As illustrated in Figure 24, the control 
logic circuit 227 transmits processing data to the monitor processor 420. And as 
described in detail above, the monitor processor 420 intermittently passes maintenance 
data on to the head end system. In the embodiment of the invention illustrated in Figure 
24 A, the maintenance data may include data (e.g., filtering status data) from the digital 
filter circuit 1020 by way of the control logic circuit 227. 

[00173] In response to such information, the head end system may then transmit the 
aforementioned commands to the control logic circuit 227 that ultimately affect the 
operation of the digital filter circuit 1020. For example, the head end system may 
command the digital filter circuit 1020 to filter out specified frequency bands of the new 
RF data for maintenance purposes. 

[00174] Figure 24B illustrates an embodiment of the digital processing circuit 1010-2 
that includes a signal strength detector 1030. The signal strength detector 1030 enables 
the optimization of the variable gain amplifier 203 gain setting by the subtree return link 
transmitter 1000 without necessitating action by the head end system. More 
specifically, the signal strength detector 1030 may analyze the energy level in the new 
RF data signal. In one embodiment, a number of threshold levels are defined (within 
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the signal strength detector 1030) and then used to determine how to adjust the gain of 
the variable gain amplifier 203. When the energy level of the new RF data signal is 
below a first threshold, a command is sent to the control logic circuit 227 to adjust the 
variable gain amplifier 203 gain upwards, for instance by 6 dB, so as to boost the power 
of the new RF data signal. This has the effect of improving the signal to noise ratio for 
the subtree without having to interact with the head end. Conversely, when the energy 
level of the new RF data signal is above a second threshold, a command is sent to the 
control logic circuit 227 to adjust the gain of the variable gain amplifier 203 
downwards, for instance by 3 dB or 6 dB, so as to reduce the power of the new RF data 
signal and to avoid data clipping. 

[00175] In some embodiments, the signal strength detector 1030 merely detects the 
energy level in the new RF data signal and reports this information to the control logic 
circuit 227, which then adjusts the gain of the variable gain amplifier 203 accordingly. 
[00176] In some embodiments, moreover, the control logic circuit 227 may convey 
gain related information to the head end. More specifically, the control logic circuit 227 
may incorporate such information into the processing data transmitted to the monitor 
processor 420 for subsequent delivery to the head end. Such information may include 
the detected signal strength and/or the adjusted gain of the variable gain amplifier 203. 
[00177] Figure 24C illustrates an embodiment of the digital processing circuit 1010-3 
that includes an ingress detector 1040. The ingress detector 1040 enables the automatic 
detection of ingress problems at the subtree return link transmitter 1000. More 
specifically, the ingress detector 1040 may be configured to periodically perform a 
spectrum analysis of the new RF data and detect ingress problems thereby. When the 
ingress detector 1040 detects an ingress problem, it may command the control logic 
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circuit 227, via the DPC signals, to stop sending RF data to the head end (e.g., by 
directing the control logic circuit 227 to adjust the mode of the summer 430 so that the 
new RF data is not incorporated into the output of the summer 430) or to adjust the gain 
of the variable gain amplifier 203 so as to reduce the impact of the ingress problem. 
Further, the ingress detector 1040 may also direct the control logic circuit 227 to notify 
the head end about the ingress problem via the processing data and the monitor 
processor 420. 

[00178] Finally, in some embodiments, the digital processing circuit 1010 is part of the 
same FPGA (field programmable gate array) as the signal processing logic 204, but in 
other embodiments the digital processing circuit 1010 is contained in a separate FPGA 
or, for example, a special-purpose integrated circuit. 

[00179] While the present invention has been described with reference to a few 
specific embodiments, the description is illustrative of the invention and is not to be 
construed as limiting the invention. Various modifications may occur to those skilled in 
the art without departing from the true spirit and scope of the invention as defined by 
the appended claims. 
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